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ABSTRACT 

/ & d 9  
X-ray diffraction techniques for determining stress in precipitation 

hardened aluminum alloys have been developed and evaluated. 
investigated included 2014-T6, 2219-T37, and 7075-T6 aluminum alloys. 
A precision corresponding to +5 percent of the alloy yield strengths was 
obtained under laboratory conditions. 
evaluate this method for field measurements of stress in vehicle components. 
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Further studies are needed to 
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EXPERIMENTAL X-RAY STRESS ANALYSIS FOR PRECIPITATION 
HARDENED ALUMINUM ALLOYS 

By James H. Wharton and William L. Prince 
George C. Marshall Space Flight Center 

SUMMARY 

X-ray diffraction techniques for determining stress in precipitation 
hardened aluminum alloys have been developed and evaluated. Aluminum 
alloys 2014-T6, 2219-T37, and 7075-T6 were investigated. Satisfactory 
results were obtained by the two-exposure technique for both the diffrac- 
tometer and photographic methods of analysis. A precision corresponding 
to approximately 25 percent of the alloy yield strength was obtained 
for each alloy studied under laboratory conditions. Problems which would 
be expected in using this method for field analyses on production compo- 
nents are discussed. In general, it appears that the accuracy of the 
method may vary with the particular component or material and that 
reliability factors cannot be established without additional experimentation. 

INTRODUCTION 

Frequently, failures of high strength aluminum alloys have been attrib- 
uted to residual and continuously applied stresses in these materials. 
fore, it is desirable in failure analysis, and especially failure prevention, 
to be able to determine the stress condition of materials by a nondestructive 
technique. X-ray diffraction techniques show promise for nondestructive 
stress determination, and considerable effort, especially for the steels, 
has been devoted to developing these techniques by various investigators 
(ref. 1, 2, 3, 4 ,  5, & 6 ) .  These investigations generally have been 
academic studies of stress and strain; i.e., the experiments have been 
artificially simplified with respect to samples and equipment. Therefore, 
the accuracy of X-ray techniques for measuring stress on field specimens 
is still uncertain. 

There- 

Accordingly, a two-phase program was undertaken to determine the 
feasibility of X-ray stress measurements for aluminum alloy components 
having various compositions, heat treatments, sizes, and geometric designs. 
A s  the initial phase of this program, stress studies of commercial aluminum 
alloys were conducted with a standard laboratory X-ray generator using 
diffractometer and photographic techniques. The results of these studies 
are reported herein. The second phase of the program will consist of 
additional laboratory studies and also will include studies of actual 
components under field conditions. 



The au thors  wish t o  express  t h e i r  a p p r e c i a t i o n  t o  Messrs. James E .  
McDonald and E l l i s  L .  Smith of t h e  S t r u c t u r e s  D i v i s i o n ,  Propuls ion  and 
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THEORY 

When a p o l y c r y s t a l l i n e  m a t e r i a l  is  deformed e l a s t i c a l l y  i n  such a manner 
t h a t  t h e  s t r a i n  is  uniform, t h e  l a t t i c e  plane spacings i n  t h e  g r a i n s  change 
from t h e i r  s t r a i n - f r e e  d i s t a n c e  t o  some new v a l u e  p r o p o r t i o n a l  t o  t h e  s t r a i n .  
Measurement of t hese  changes i n  l a t t i c e  spacings by X-ray d i f f r a c t i o n  i s  then  
a s t r a i n  measurement where t h e  l a t t i c e  spac ings  s e r v e  a s  i n t e r n a l  s t r a i n  
gauges.  From t h e  s t r a i n ,  measured by the  s h i f t  i n  28 o r  l a t t i c e  spac ing ,  
t h e  s t ress  present  may be  a s c e r t a i n e d  e i t h e r  from c a l c u l a t i o n s  involv ing  
t h e  e l a s t i c  c o n s t a n t s  o r  from c a l i b r a t i o n  procedures u s i n g  known s t ress  
v a l u e s .  

Unfor tuna te ly ,  t h e  l a t t i c e  p lanes  perpendicular  t o  t h e  d e s i r e d  d i r e c t i o n a l  
s t r e s s  cannot b e  s t u d i e d  s i n c e  t h e s e  p lanes  a l s o  a r e  perpendicular  t o  t h e  
sample s u r f a c e .  Measurements can be made f o r  l a t t i c e  planes which l i e  a t  
some angle  ($<go" )  t o  t h e  s u r f a c e ,  and, i f  $ i s  g r e a t e r  than  z e r o ,  t h e  
l a t t i c e  spacings w i l l  be ac ted  upon by a component of t h e  d i r e c t i o n a l  s t ress .  
However, s t ress  de termina t ions  should n o t  be made from a s i n g l e  measurement 
o r  exposure a t  an angle  $ because t h e  given l a t t i c e  spacings a r e  a f f e c t e d  
by o t h e r  s t r e s s e s  which a r e  a p t  t o  be i n  d i f f e r e n t  d i r e c t i o n s  from t h e  
d i r e c t i o n  the measurement was made. Cons idera t ion  of t h e  b i a x i a l  s t ress  
system makes it impera t ive  t h a t  stresses o t h e r  than  t h a t  d e s i r e d  be e l i m i -  
n a t e d .  To make t h i s  c o r r e c t i o n ,  two measurements a r e  r e q u i r e d ,  and c a l c u l a -  
t i o n s  of s t ress  a r e  based upon t h e  d i f f e r e n c e  i n  t h e  spac ings  o r  angles  
measured. 

I n  p r a c t i c e ,  t h e  d e s i r e d  d i r e c t i o n a l  s t r e s s  i n  t h e  plane of and 
p a r a l l e l  t o  t h e  specimen s u r f a c e  i s  determined from one exposure wi th  
t h e  d i f f r a c t o m e t e r  a l i g n e d  i n  t h e  normal p o s i t i o n  and a second exposure 
w i t h  t h e  sample i n c l i n e d  a t  an angle  JI from t h e  normal p o s i t i o n .  The 
p e r t i n e n t  geometry f o r  t h e  d i f f r a c t o m e t e r  technique i s  shown s c h e m a t i c a l l y  
i n  FIG 1. 
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From fundamental e l a s t i c i t y  theory,  t he  d i f f e r e n c e  i n  two t h e t a  ang le  
(2Qn-284r) i s  r e l a t e d  t o  t h e  component of stress by the  fol lowing express ion:  

where a@ is the  component of stress i n  t h e  @ d i r e c t i o n ,  E i s  the  e l a s t i c  
modulus, and p i s  Po i s son ' s  r a t i o .  I f  c o t e  i s  taken  a s  cons t an t  over  t h e  
b r i e f  range-, equa t ion  1 reduces  t o  t h e  l i n e a r  form: 

= (hkl ) (28, -28 $ )  

where K (hk l )  i s  the  stress f a c t o r  and i s  cons t an t  f o r  a given s e t  of (hk l )  
p lanes  i n  a c r y s t a l l i n e  m a t e r i a l .  The l i n e a r i t y  of equa t ion  2 provides  
a check of t h e  v a l i d i t y  of any given set  of d a t a  s i n c e  non l inea r  behavior  
would be expected only  when t h e  e l a s t i c  range f o r  a g iven  m a t e r i a l  i s  
exceeded. 

Although t h e  stress f a c t o r  can  be c a l c u l a t e d  d i r e c t l y  from equa t ion  1, 
t h i s  procedure i s  g e n e r a l l y  u n s a t i s f a c t o r y  because the  e l a s t i c  modulus 
a s s o c i a t e d  wi th  a given la t t ice  d i r e c t i o n  u s u a l l y  i s  unknown. For t h i s  
r eason ,  most i n v e s t i g a t o r s  determine t h e  stress f a c t o r  e m p i r i c a l l y  by u s i n g  
equa t ion  2. For a more thorough review of t he  d i r e c t  c a l c u l a t i o n  technique ,  
Taylor  has  reviewed t h e  e l a s t i c  cons t an t s  t o  be used i n  stress de te rmina t ions  
( r e f .  7). 

For a p p l i c a t i o n  i n  t h e  photographic technique ,  equa t ion  1 may be 
t ransformed by s imple t r i gonomet r i c  r e l a t i o n s  t o  g i v e  t h e  fo l lowing:  

where S i  and Sn a r e  t h e  Debye-ring r a d i i  i n  t he  i n c l i n e d  and normal 
p o s i t i o n s ;  D i s  t h e  specimen-to-fi lm d i s t a n c e ,  and t h e  remaining parameters  
are c o n s i s t e n t  w i th  equa t ion  1. I f  8 i s  taken  as c o n s t a n t  over  t h e  b r i e f  
range ,  equa t ion  3 reduces to:  

where K(hkl)D i s  the  stress f a c t o r  f o r  t he  (hk l )  p lanes  a t  a g iven  D .  

Although equat ions  1 and 3 are no t  o f t e n  a p p l i e d  d i r e c t l y  t o  stress 
de te rmina t ions ,  t h e s e  r e l a t i o n s  can be used t o  o b t a i n  optimum exper imenta l  
cond i t ions .  For example, d i f f e r e n t i a t i o n  of t h e  r e l a t i o n s  wi th  r e s p e c t  t o  
8 shows t h a t  g r e a t e r  s h i f t s  and, t h e r e f o r e ,  g r e a t e r  p r e c i s i o n  w i l l  be 
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observed as 8 approaches 90".  These r e l a t i o n s  a l s o  i n d i c a t e  t h a t  m a t e r i a l s  
having low e l a s t i c  moduli w i l l  show g r e a t e r  s h i f t s .  Thus, s t ress  de termi-  
n a t i o n s  f o r  aluminum gene ra l ly  should be more a c c u r a t e  i n  t e r m s  of p s i  than  
those f o r  s t e e l .  
X-ray s t ress  techniques w i l l  be d i scussed  i n  t h e  fo l lowing  s e c t i o n .  

Other m a t e r i a l  p r o p e r t i e s  which a f f e c t  t h e  accuracy of 

EFFECTS OF PROPERTIES OF MATERIALS 

S t r e s s  ana lyses  have been conducted on 2219-T37, 2014-T6, and 7075-T6 
aluminum a l l o y s .  F igure  2 shows the  X-ray r e f l e c t i o n  s p e c t r a  €or  t h e  (422) 
aluminum planes measured i n  the  normal p o s i t i o n  f o r  t hese  a l l o y s .  A s  has  
been r epor t ed  by o t h e r  workers ,  t hese  a l l o y s  show cons ide rab le  l i n e  
broadening,  which r e s u l t s  from the  coherency s t r a i n s  caused by p r e c i p i t a t i o n  
r e a c t i o n s .  Pres ton  has  s t u d i e d  the  r e l a t i o n  between l i n e  broadening and 
coherency s t r a i n s  i n  aluminum-four percent  copper a l l o y s  ( r e f .  8 ) .  

Although t h e  p r e c i p i t a t e s  a r e  important  i n  cons ide ra t ions  of t h e  a l l o y  
p r o p e r t i e s ,  the most s i g n i f i c a n t  e f f e c t  f o r  s t ress  s t u d i e s  i s  the  l o s s  i n  
l i n e  d e f i n i t j o n  due t o  the  poorly reso lved  peaks.  Re fe r r ing  aga in  t o  FIG 2 ,  
one can c o r r e l a t e  t h e  degree  of l i n e  broadening wi th  the  composi t ion and 
m e t a l l u r g i c a l  c o n d i t i o n  of t he  sample. The 2014-T6 a l l o y  shows some l i n e  
broadening;  the 2219-T37 a l l o y  shows ex tens ive  l i n e  broadening,  and t h e  
7075-T6 a l l o y  g ives  a f a i r l y  sha rp  spectrum. I n  the  age-hardened 2014-T6 
a l l o y ,  t h e  copper p r e c i p i t a t e s  i n  t h i n  zones (G. P.  Zones) a long  the  (100) 
p lanes  of aluminum, which r e s u l t s  i n  r a t h e r  h igh  coherency s t r a i n s .  This  
a l s o  t akes  place wi th  t h e  2219-T37 b u t  n o t  t o  t h e  same e x t e n t  a s  f o r  t h e  age- 
hardened temper; f o r  t h e  -T37 temper,  t h e  ex tens ive  l i n e  broadening i s  most ly  
the  r e s u l t  of co ld  working. The X-ray s p e c t r a  of co ld  worked meta ls  have 
been s t u d i e d  by Wood and Smith ( r e f .  9 and 1 0 ) .  Zinc p r e c i p i t a t i o n  i n  t h e  
7075-T6 a l l o y  r e s u l t s  i n  lower coherency s t r a i n s  due t o  the  geometr ic  shape 
of t h e  precipi ta tes .  
t h e  7075 a l l o y  may be accounted f o r  by the  1 . 5  pe rcen t  copper con ten t .  
L i t t l e  mention has  been made of t h e  o the r  components of t hese  a l l o y s  
(magnesium, s i l i c o n ,  and chromium) because the  observed X-ray s p e c t r a  can 
be adequately expla ined  on the  b a s i s  of copper and z i n c  p r e c i p i t a t e s  and 
t o  inc lude  the o t h e r  a l l o y i n g  c o n s t i t u e n t s  would unnecessa r i ly  complicate  t h e  
d e s c r i p t i o n .  

Ac tua l ly ,  a l a r g e  p o r t i o n  of t h e  l i n e  broadening i n  

The g r a i n  s i z e  i s  a s  important  t o  stress measurement as composi t ion 
and t e m p e r .  I f  t he  g r a i n  s i z e  tends  t o  be c o a r s e ,  t h e  d i f f r a c t i o n  c i r c l e s  
w i l l  be s p o t t y ,  and t h e  r e s u l t a n t  s t ress  de te rmina t ion  w i l l  no t  be a c c u r a t e .  
I n  a d d i t i o n  t o  t he  l o s s  i n  angle  o r  l i n e  c l a r i t y ,  m i c r o s t r e s s e s  super-  
imposed upon macros t resses  f o r  a n o n s t a t i s t i c a l  number of g r a i n s  may 
produce incons i s  t e n t  exper imenta l  r e s u l t s .  
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APPARATUS 

I n  t h i s  i n v e s t i g a t i o n ,  s e v e r a l  t echniques  f o r  u n i a x i a l  s t r a i n i n g  of 
test specimens were eva lua ted .  Figure 3 shows t h e  t e n s i l e  s t r a i n i n g  dev ice  
which produced t h e  most c o n s i s t e n t  experimental  d a t a .  Notice  t h e  steel 
back suppor t  which prevents  f l e x i n g  of t h e  ho lde r  and specimen. The a c t u a l  
stress a t  t h e  s u r f a c e s  of t h e  test  specimens w a s  ob ta ined  by s t r a in  read ings  
from c a l i b r a t e d  w i r e  r e s i s t a n c e  SR-4 type  s t r a i n  gauges.  Readings taken  
on bo th  s i d e s  of t h e  specimen agreed - to  w i t h i n  1000 p s i .  Most of t h i s  
d i f f e r e n t i a l  r e s u l t e d  from a s l i g h t  cu rva tu re  of t h e  sample, which w a s  
removed upon loading .  For p e r f e c t l y  f l a t  specimens,  t h e  d i f f e r e n t i a l  
was less than  500 p s i ,  which i s  w e l l  w i t h i n  o t h e r  e r r o r s  i n  t h e  technique .  
X-ray measurements w e r e  made wi th  the P h i l i p s  Norelco d i f f r a c t o m e t e r  and 
gene ra to r  u s ing  a s c i n t i l l a t i o n  d e t e c t o r .  

For t h e  photographic  p o r t i o n  of t h i s  i n v e s t i g a t i o n ,  a four - inch  by 
f ive - inch  back r e f l e c t i o n  camera with +,5 degrees  o s c i l l a t o r y  motion w a s  
designed.  
sample d i s t a n c e  wi thout  focus ing  cons ide ra t ions .  I n  FIG 4 ,  t h e  photographic  
exper imenta l  arrangement i s  shown. 

A two-mill imeter beam co l l ima to r  w a s  used t o  v a r y  t h e  f i lm- to -  

EXPERIMENTAL PROCEDURES 

Dif f rac tometer  Method 

I n  t h i s  method, a known s t r e s s  is  app l i ed  t o  a n  a p p r o p r i a t e  sample, 
and t h e  corresponding d i f f e r e n c e  between 20 i n  the  normal and 45-degree 
p o s i t i o n s  i s  measured. The stress f a c t o r  K 
from a p l o t  of stress ve r sus  A20.  Residua stress, 

i s  determined subsequent ly  f h k l )  

by t h e  i n t e r c e p t .  
- 

Copper KQ! r a d i a t i o n  f i l t e r e d  by n i c k e l  f o i l  was 
ground r a t i o s  v a r i e d  wi th  t h e  type of a l l o y s  from 1: 
3 : l  f o r  7075-T6. The (422) aluminum l i n e  was used i n  
technique .  The 20 ang le  f o r  t h i s  l i n e  i s  t h e  h i g h e s t  

f p r e s e n t ,  i s  given 

used.  Peak t o  back- 
f o r  2219-T37 t o  

t h e  d i f f r a c t o m e t e r  
ang le  t h a t  could 

be  recorded  wi thou t  mechanical i n t e r f e r e n c e s  i n  t h e  goniometer mechanism. 

I n  t h e  d i f f r a c t o m e t e r  measurements, r o t a t i o n  of t h e  sample from t h e  
normal t o  t h e  45-degree p o s i t i o n  (as seen  i n  FIG l b )  causes  t h e  f o c a l  po in t  t o  
b e  s h i f t e d  away from t h e  r e c e i v i n g  s l i t .  This  produces a r t i f i c i a l  broadening 
t o  t h e  ob l ique  measurement and may produce a s h i f t  i n  peak p o s i t i o n .  I d e a l l y ,  
t h e  s o l u t i o n  t o  t h e  problem i s  t o  move t h e  r e c e i v i n g  s l i t  and d e t e c t o r  t o  
t h e  new f o c a l  p o i n t ;  however, w i th  most commercial d i f f r a c t o m e t e r s ,  t h i s  
adjustment  cannot  be  made r ep roduc ib i ly .  Og i lv i e  sugges t s  mounting a 
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r e c e i v i n g  s l i t  a t  t h e  f o c a l  po in t  f o r  t h e  obl ique  measurement ( r e f .  1) .  
Although t h i s  procedure d i d  reduce s c a t t e r e d  r a d i a t i o n ,  t he  l i n e  broadening,  when 
added t o  t h a t  i n h e r e n t l y  p r e s e n t ,  was i n t o l e r a b l e .  To s o l v e  t h i s  problem, 
a s h o r t  th ree-mi l l imeter  c o l l i m a t o r  was used on t h e  e m i t t i n g  s o u r c e ,  and a 
one-degree rece iv ing  s l i t  was used t o  compensate f o r  t h e  l o s s  i n  i n t e n s i t y .  
This  procedure i s  a s l i g h t  v a r i a t i o n  of t h e  one descr ibed  by Maloof ( r e f .  11). 
The r e c e i v i n g  s l i t  and d e t e c t o r  subsequent ly  were moved t o  t h e  optimum 
p o s i t i o n ,  and the  goniometer was a l igned  and c a l i b r a t e d .  

With these instrument  c o n d i t i o n s ,  f i v e  s e t s  of f i v e  samples each of 
2014-T6, 2219-T37, and 7075-T6 a l l o y s  were s t ressed t o  v a r i o u s  l e v e l s ,  and 
measurements of 20 were made i n  t h e  obl ique  and normal p o s i t i o n s .  Analysis  
of t h e  d a t a  ind ica ted  a c o n s t a n t  e r r o r  between t h e  normal and obl ique  
measurements i n  a d d i t i o n  t o  v a r y i n g  r e s i d u a l  s t r e s s .  This  e r r o r  was t r a c e d  
t o  a s l i g h t  amount of mechanical play i n  t h e  c o l l i m a t o r .  

To recheck the  s t r e s s  f a c t o r s  a s  determined above, t h e  c o l l i m a t o r  was 
c o r r e c t e d ,  and t h e  instrument  was r e a l i g n e d  and c a l i b r a t e d .  A s i l i c o n  powder 
spectrum was measured i n  t h e  normal and 45-degree p o s i t i o n  f o r  t h e  (533) 
r e f l e c t i o n ,  which co inc ides  w i t h ' t h e  (422) aluminum l i n e .  From a ser ies  
of t e n  measurements i n  each p o s i t i o n ,  20 i n  t h e  45-degree p o s i t i o n  was 
measured t o  be 0.07 5 0.02 degrees  h igher  than  20 i n  t h e  normal p o s i t i o n .  
The measurements f o r  2014-T6 w e r e  repea ted  on samples having e s s e n t i a l l y  
zero  r e s i d u a l  s t r e s s  a s  determined from t h e  no-load measurements. Analysis  
of t h i s  d a t a  gave the  same s t r e s s  f a c t o r  a s  t he  previous measurements on 
2014-T6, which i n d i c a t e d  t h a t  t h e  e r r o r  between 20 i n  t h e  normal and 45-degree 
p o s i t i o n  was cons tan t  f o r  d i f f e r e n t  l e v e l s  of s t r e s s .  Therefore ,  t he  v a l u e  
of 0.07 was applied a s  a c o r r e c t i o n  t o  the  r e s u l t s  f o r  t he  stressed samples.  

A s  i l l u s t r a t e d  i n  FIG 2 ,  t h e  d i f f r a c t i o n  peaks were much too  broad t o  read 
v i s u a l l y  t h e  20 angles  with t h e  r e q u i r e d  p r e c i s i o n  and r e p r o d u c i b i l i t y .  
E x t r a p o l a t i o n  of t h e  l i n e a r  p o r t i o n  on each s i d e  of t h e  peak t o  t h e  p o i n t  
of i n t e r s e c t i o n  gave r e s u l t s  which were reproducib le  t o  w i t h i n  50 .02  degrees  
when scanning a t  118 degree p e r  minute.  For 2014-T6 and 7075-T6, only t h e  
w2 peak was included;  however, i n  2219-T37, t h e  Kcq and Ka2 peaks were 
n o t  r e s o l v e d ,  s o  t h e  two were read a s  one peak. This  method of determining 
20 assumes t h a t  only r e p r o d u c i b i l i t y  i n  reading  i s  r e q u i r e d  s i n c e  d i f f e r e n c e s  
i n  20 a r e  used i n  t h e  f i n a l  a n a l y s i s .  

Photographic Method 

Photographic s t ress  measurements were conducted on 2014-T6 a l l o y .  
four - inch  by f i v e - i n c h  f i l m  h o l d e r  which was cont inuous ly  o s c i l l a t e d  through 
10 degrees  was loca ted  120 +1 mi l l imeters  from t h e  specimen. Both the 
normal and 45-degree exposure were r e g i s t e r e d  on one f i l m  by u s i n g  the  
opaque f i l m  cover shown i n  FIG 4 .  

A 
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A s t r e s s - f r e e  powdered s i lver  sample was used as a s t anda rd .  S ince  
t h e  problem of mechanical i n t e r f e r e n c e s  does no t  e x i s t  i n  t he  photographic  
method, a l l  measurements were normalized t o  t h e  r a d i u s  of t h e  (511) and 
(333) s i l v e r  r e f l e c t i o n  (46.84 m i l l i m e t e r s  w i th  t h e  foregoing  exper imenta l  
c o n d i t i o n s ) .  The d i f f e r e n c e  was sub t r ac t ed  from t h e  s i l v e r  r a d i u s  t o  o b t a i n  
t h e  aluminum r a d i u s .  S ince  the  breadth of t h e  p a t t e r n s  v a r i e d  from specimen 
t o  specimen and wi th  stress, t h e  r e p r o d u c i b i l i t y  v a r i e d  from 20 .2  m i l l i m e t e r  
up t o  unmeasurable f i l m s .  Normally, t h e  f i lms  could be r ead  t o  w i t h i n  
- +0.3 m i l l i m e t e r  a s  determined by three readings  f o r  each exposure.  
p a t t e r n  i s  shown i n  FIG 5. 

A t y p i c a l  

RESULTS 

Figure 6 shows the  A28 s h i f t s  ve r sus  t h e  appl ied  stress f o r  t h r e e  
2014-T6 samples.  F a i l u r e  of t he  l i n e s  t o  pass  through t h e  o r i g i n  i s  t h e  
r e s u l t  of d i f f e r e n t  r e s i d u a l  s t r e s s e s .  Normalizat ion of t h e  i n d i v i d u a l  
cu rves  t o  zero  i n t e r c e p t  by v e r t i c a l  displacement  i s  shown i n  FIG 7 i n  
which the  d a t a  from f i v e  d i f f e r e n t  samples a r e  f i t t e d  by a s i n g l e  s t r a i g h t  
l i n e  pass ing  through t h e  o r i g i n .  Figure 8 shows t h e  A28 ve r sus  app l i ed  
stress f o r  s e l e c t e d  2014-T6 samples which had e s s e n t i a l l y  ze ro  r e s i d u a l  
stress and , the re fo re ,d id  no t  have t o  be normalized.  The stress f a c t o r  
f o r  2014-T6 a l l o y  was 62.5 ks i fdeg ree  from FIG 7 and 62.9 k s i f d e g r e e  
from FIG 8. This  agreement i s  w e l l  w i t h i n  t h e  exper imenta l  e r r o r .  
Standard d e v i a t i o n s  from t h e  l e a s t  squa res  curves  i n  terms of stress a r e  
+3.1 - k s i  from FIG 7 and 22 .5  k s i  from FIG 8. 

F igures  9 and 10 p resen t  t h e  normalized d a t a  f o r  2219-T37 and 7075-T6, 
For 2219-T37, t he  stress f a c t o r  was measured t o  be 61.7 k s i /  r e s p e c t i v e l y .  

deg ree ,  and t h e  s tandard  d e v i a t i o n  of t h e  p o i n t s  from the  l e a s t  squa res  
curve  i n  t e r m s  of stress was 22.0 k s i .  For 7075-T6 a l l o y ,  t h e  stress f a c t o r  

was50.7 k s i l d e g r e e ,  and the  corresponding s t anda rd  d e v i a t i o n  w a s  23.3 k s i .  
- - 

Photographic d a t a  f o r  2014-T6 a r e  shown i n  FIG 11 and FIG 12 .  
d a t a  a r e  s i m i l a r  t o  t h e  d i f f r ac tomet ry  d a t a  shown i n  FIG 6 and FIG 7 and 
i n d i c a t e  a stress f a c t o r  of 6.9 k s i f m i l l i m e t e r  w i th  a s tandard  d e v i a t i o n  
of 23.1 k s i .  

These 

These d a t a  i n d i c a t e  t h a t  s t r e s s  l e v e l s  i n  l a b o r a t o r y  r o l l e d  s h e e t  
specimens can be r ep roduc ib ly  and a c c u r a t e l y  measured by d i f f r a c t o m e t e r  
o r  photographic  X-ray techniques .  For t h e  l a b o r a t o r y  s t anda rds  used i n  
t h i s  work, t h e  s tandard  d e v i a t i o n s  corresponded t o  approximately 5 5  pe rcen t  
of t h e  y i e l d  s t r e n g t h s  of the d i f f e r e n t  a l l o y s .  

A s  i n d i c a t e d  above, normal iza t ion  of t he  d a t a  shown i n  FIG 7 ,  9 ,  10 ,  
and 12  was accomplished by v e r t i c a l  displacement  which e f f e c t i v e l y  a d j u s t s  
t h e  d a t a  t o  ze ro  r e s i d u a l  s t ress .  For 2014-T6 a l l o y ,  r e s i d u a l  stresses 
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f o r  i n d i v i d u a l  specimens ranged from -5 .1  t o  +3.1 k s i ,  w i t h  n e g a t i v e  
v a l u e s  i n d i c a t i n g  compressive s t resses .  For 2219-T37 and 7075-T6 a l l o y s ,  
t h e  corresponding ranges  were -5 .1  t o  +0.5 k s i  and -2.5 t o  +1.7 k s i ,  
r e s p e c t i v e l y .  R e s u l t s  f o r  o t h e r  specimens of 2014-T6 a l l o y  (no t  included 
i n  t h e  var ious  f i g u r e s )  have i n d i c a t e d  r e s i d u a l  stresses i n  excess  of 
11 k s i  f o r  .090-inch t h i c k  m a t e r i a l .  The p r e c i s i o n  w i t h  which r e s i d u a l  
s t resses  can  be determined by t h i s  method i s  approximately t h e  same a s  t h a t  
f o r  appl ied  s t r e s s e s ,  i .e . ,  approximately +5 percent  of t h e  a l l o y  y i e l d  
s t r e n g t h  . 

DISCUSSION 

For f i e l d  a p p l i c a t i o n s ,  a s i n g l e  A20 v a l u e  w i l l  be obta ined  
and m u l t i p l i e d  by t h e  s t ress  f a c t o r  f o r  t h e  p a r t i c u l a r  a l l o y  t o  determine 
t o t a l  s t ress  (appl ied  p lus  r e s i d u a l )  i n  t h e  component. I n  t h e  e v e n t  t h a t  
no e x t e r n a l  load is  imposed on t h e  component, t h e  determined s t ress  w i l l  
correspond t o  t h e  r e s i d u a l  s t r e s s .  

The accuracy of  X-ray measurements can be improved by u t i l i z i n g  more 
e l a b o r a t e  and r e f i n e d  methods than  were used i n  t h i s  work. I n  g e n e r a l ,  
a b s o l u t e  peak p o s i t i o n s  can be determined more p r e c i s e l y  by f i x e d  count ing  
techniques  through t h e  28 range and subsequent ly  u s i n g  t h e  p a r a b o l i c  
f i t t i n g  method d e s c r i b e d  by O g i l v i e  ( r e f .  1) t o  determine peak p o s i t i o n s .  
F u r t h e r  c o r r e c t i o n s  which t a k e  i n t o  account asymmetryof t h e  peaks due t o  
i n t e n s i t y  f a c t o r s  have been descr ibed  by K o i s t i n e n  and Marburger ( r e f .  12 
and 1 3 ) .  These c o r r e c t i o n s  were n o t  used i n  t h i s  work because t h e  p a r t i a l l y  
r e s o l v e d  Ka2 peak produces an asymmetry i n  t h e  K q  peak which would 
n e c e s s i t a t e  applying t h e  p a r a b o l i c  f i t t i n g  method t o  both  peaks t o  l o c a t e  
t h e  t r u e  maximum of t h e  K q  peak. 
mathematical  complexity t o  t h e  s t ress  measurements and probably would n o t  
g r e a t l y  improve t h e  accuracy.  

This  would i n t r o d u c e  c o n s i d e r a b l e  

From the  d i s c u s s i o n  thus f a r ,  it i s  e v i d e n t  t h a t  f o r  s imple l a b o r a t o r y  
samples s t r e s s  measurements by X-ray d i f f r a c t i o n  a r e  s t r a i g h t f o r w a r d  and 
t h e  accuracy a t t a i n a b l e  i s  w i t h i n  u s a b l e  l i m i t s .  However, t h e  d e t e r m i n a t i o n  
of s t ress  i n  product ion components i s  complicated by a number of problems, 
e s p e c i a l l y  under f i e l d  c o n d i t i o n s .  

These problems can be d i v i d e d  i n t o  t h r e e  c a t e g o r i e s :  problems 
a s s o c i a t e d  with t h e  i n t e r n a l  s t r u c t u r e  of t h e  m a t e r i a l ,  problems a s s o c i a t e d  
wi th  t h e  geometric d e s i g n  and s i z e  of a component, and problems a s s o c i a t e d  
w i t h  t h e  measuring equipment. 

Probably t h e  most d i f f i c u l t  t o  overcome a r e  t h e  problems a s s o c i a t e d  
w i t h  i n t e r n a l  m a t e r i a l s  p r o p e r t i e s .  Because t h e  s t ress  f a c t o r  w i l l  v a r y  
w i t h  t h e  thermal exposure degree of cold working, and o t h e r  f a c t o r s  i t* 
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i s  d e s i r a b l e  t h a t  t h e  m e t a l l u r g i c a l  s t a t e  of t h e  component a l l o y  be 
i d e n t i c a l  t o  t h e  m e t a l l u r g i c a l  s t a t e  o f  t h e  s t anda rds .  Addi t iona l  
s t u d i e s  are needed t o  determine the magnitude of e r r o r s  a s soc ia t ed  wi th  
v a r i a t i o n s  i n  m e t a l l u r g i c a l  s t a t e .  

With respect t o  t h e  geometr ical  d e s i g n  of a component, t h e r e  should 
be a t  l e a s t  one square  inch  of f l a t  s u r f a c e  which is a c c e s s i b l e  wi th  a 
back r e f l e c t i o n  camera. I n  a d d i t i o n ,  t h e r e  should be  p rov i s ion  f o r  
mounting t h e  camera f o r  t h e  v e r t i c a l  and ob l ique  exposures  on very  l a r g e  
assemblies. For l a r g e  g r a i n  a l l o y s  such as t h e  aluminum c a s t i n g s ,  e i t h e r  
t h e  component o r  t h e  camera m u s t  be o s c i l l a t e d  a n d ' v i b r a t e d  t o  average 
t h e  g r a i n  e f f e c t s .  

I n  f i e l d  a p p l i c a t i o n s  of s t r e s s  measurements, t h e  components t o  be 
analyzed u s u a l l y  cannot be  manipulated as  smal l  s c a l e  l abora to ry  samples.  
P o r t a b i l i t y  and extreme maneuverabi l i ty ,  coupled with p r e c i s i o n ,  become 
e s s e n t i a l  t o  t h e  X-ray appara tus .  Weaver and Rose ( r e f .  14) have designed 
a p o r t a b l e  back r e f l e c t i o n  camera which can  be o s c i l l a t e d  through a few 
degrees  i n  i t s  p lane  about  t h e  inc iden t  beam f o r  f i e l d  stress ana lyses .  
I n  t h e  p re sen t  s tudy ,  o s c i l l a t i o n  of t h e  f i l m  helped t o  smooth t h e  t e x t u r e  
i n  most ca ses ;  however, fou r  of t en  2014-T6 samples produced u n s u i t a b l e  
p a t t e r n s .  Not on ly  w e r e  t he  f i l m s  s p o t t y  and broad because of d i f f e r e n t  
s t r a i n s  i n  i n d i v i d u a l  g r a i n s  b u t  a d d i t i o n a l  broadening occurred due t o  
p l a s t i c  deformation of a few g ra ins  a t  stress levels w i t h i n  25 pe rcen t  
of t h e  y i e l d  po in t .  

The c o n t r o l  o f  f i lm-to-specimen d i s t a n c e  and t h e  c o n t r o l  of t h e  ang le  
of i nc idence  of t h e  X-ray beam are a s  important  a s  p o r t a b i l i t y  and maneu- 
v e r a b i l i t y .  I f  s t anda rds  a r e  used t o  c a l i b r a t e  t h e  f i l m ,  t h e  f i lm- to -  
specimen d i s t a n c e  should be con t ro l l ed  t o  one p a r t  per  thousand. Without 
s t anda rds ,  t he  d i s t a n c e  should be con t ro l l ed  even more p r e c i s e l y .  I n  a l l  
c a s e s ,  s t anda rds  should be  u t i l i z e d  f o r  f i l m  read ing  purposes .  Cont ro l  of 
t h e  i n c i d e n t  ang le  i s  no t  a s  c r i t i c a l  as  one might expec t .  According t o  
e q u a t i o n  1, an e r r o r  of 0 .5  degree  i n  the  i n c i d e n t  ang le  corresponds t o  an  
e r r o r  of two percent  i n  stress a t  45 degrees .  However, focus ing  cons idera-  
t i o n s  may r e s u l t  i n  l a r g e r  errors than p red ic t ed  from theory .  It i s  
e s s e n t i a l  t h a t  t he  p i v o t  p o i n t  of r o t a t i o n  be a t  t h e  specimen s u r f a c e  s i n c e  
r o t a t i o n  t o  t h e  ob l ique  p o s i t i o n  changes t h e  f i lm-to-specimen d i s t a n c e  and 
t h e  a r e a  be ing  X-rayed. I n  t h i s  work, v a r i a t i o n  of  t h e  sample s u r f a c e  from 
t h e  p i v o t  po in t  by 0.05 inch  r e s u l t e d  i n  a 3,000 p s i  e r r o r  f o r  t h e  2014-T6 
a l l o y .  Although t h i s  e r r o r  seems high f o r  t h e  s l i g h t  d i sp lacement ,  t h e  
e f f e c t  was observed r epea ted ly .  Correc t ion  of t h e  al ignment  removed t h e  
e f f e c t .  

From t h e  foregoing  d i s c u s s i o n ,  one can  conclude t h a t  X-ray measurement 
of stress under f i e l d  cond i t ions  w i l l  r e q u i r e  in s t rumen ta t ion  having 
p o r t a b i l i t y ,  maneuverabi l i ty ,  s p e c i a l  mounting j i g s  f o r  v a r i o u s  sample 
c o n f i g u r a t i o n s ,  accu ra t e  c o n t r o l s  f o r  d i s t a n c e s  and a n g l e s ,  an o s c i l l a t i n g  
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f i l m  h o l d e r  i n  t h e  camera, and a v a r i a b l e  a p e r t u r e  f o r  focus ing .  Commercial 
ins t rumenta t ion  i s  a v a i l a b l e  wi th  some of t h e s e  f e a t u r e s ;  however, no one 
system c u r r e n t l y  provides  a l l  of t h e  necessary  f e a t u r e s .  

CONCLUSIONS 

X-ray d i f f r a c t i o n  techniques p e r m i t  l a b o r a t o r y  de te rmina t ions  of s t resses  
i n  2 0 1 4 - T 6 ,  2219-T37, and 7075-T6 aluminum a l l o y s  wi th  an accuracy of 25  
percent  of t he  y i e l d  s t r e n g t h .  These techniques of measuring s t resses  
should prove q u i t e  u s e f u l  i n  r e s e a r c h  and development programs where s u i t a b l e  
c o n t r o l  can be maintained over samples and equipment and where w i r e  r e s i s t a n c e  
s t r a i n  gauges a r e  n o t  a p p l i c a b l e .  

Extension of t h e  X-ray s t r e s s  technique t o  f i e l d  problems involv ing  
product ion components w i l l  be more d i f f i c u l t ,  e s p e c i a l l y  f o r  t h e  p r e c i p i -  
t a t i o n  hardened aluminum a l l o y s  where wide f l u c t u a t i o n s  i n  t h e  m e t a l l u r g i c a l  
s t a t e  may b e  expected.  The accuracy of  f i e l d  measurements f o r  a p a r t i c u l a r  
component cannot be determined wi thout  a d d i t i o n a l  i n v e s t i g a t i o n .  
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FIGURE 1.- GEOMETRICAL ILLUSTRATION OF THE DIFFRACTOMETER TECHNIQUE IN STRESS 
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FIGURE 3 . -  PHOTOGRAPHIC ILLUSTRATION OF THE DIFFRACTOMETER APPARATUS 
SHOWING UNIAXIAL STRESS FIXTURE 
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FIGURE 4.-PHOTOGRAPHIC ILLUSTRATION OF THE BACK REFLECTION CAMERA 
APPARATUS 
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FIGURE 5 . -  BACK REFLECTION PHOTOGRAPH OF THE 
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